Catechol-O-methyltransferase (COMT) is an important molecule in different types of cancers. Its biological effect and therapeutic significance, however, rarely been investigated fully in pancreatic cancer. Immunohistologically, high COMT expression was significantly correlated with the longer overall survival of patients (P < 0.05), indicating its protective nature. The effects of COMT on cell growth, apoptosis, and invasion were evaluated using overexpression and silencing methods. In detail, we carried out experiments using one stably transduced and two transiently transfected pancreatic cancer cell lines in vitro, and one stably transduced cell line in vivo mice xenograft models. In vitro experiments showed that COMT inhibited cell proliferation, enhanced gemcitabine-induced apoptosis, and inhibited cell invasion in stably transduced and transiently transfected cell lines by regulating the PI3K ⁄ Akt pathway, p53, and E-cadherin. The COMT overexpressed and silenced cell lines showed significantly inhibited and enhanced growth capacities in in vivo xenograft models, respectively. In conclusion, COMT suppressed pancreatic cancer and its high expression predicted longer survival time.
a ncreatic cancer is a dismal disease with an extremely poor prognosis. The 5-year survival rate is approximately 6.7%, and the majority of patients die within the first year of diagnosis. The prognosis is better for localized disease, with a 5-year survival of 25.8%. (1) Patients with early-stage disease respond well to surgical interventions; however, only 15-20% of patients are suitable for resection due to the lack of sensitive serum biomarkers for early diagnosis. The sensitivity and specificity of CA19-9 was limited, when diagnosing early stage disease. (2, 3) Therefore, most patients present with unresectable or metastatic disease at the time of diagnosis. Pancreatic cancer (PC) is resistant to chemotherapy. (4) Although 5-fluorouracil and gemcitabine have long been the mainstays of chemotherapy, the objective response was limited. (5, 6) Combination therapies, such as oxaliplatin, irinotecan, fluorouracil and leucovorin, and nab-paclitaxel plus gemcitabine, have recently made some progressions. However, the objective response rates were no more than 40%. (7, 8) Thus, new therapeutic targets are needed to overcome chemotherapy resistance.
Catechol-O-methyltransferase (COMT) is widely distributed in various organs, including the brain, liver, kidney, endometrium and breast tissue. (9) It consists of two isoenzymes in humans, namely membrane-bound (MB-COMT) and soluble (S-COMT). Deactivates neurotransmitters such as dopamine, norepinephrine, and epinephrine. (10) Importantly, S-COMT is mainly distributed in peripheral tissues and is a key enzyme in estrogen catabolism. (11) The metabolic products of estrogen, such as 2-OH and 4-OH catechol estrogens, can induce DNA damage and malignant cell transformation. (12, 13) Catechol-Omethyltransferase can catalyze the methylation and detoxification of those 2-OH and 4-OH catechol estrogens to the less harmful methoxy estrogens. (14) The relationship between COMT and cancer risk has long been a focus of research. (15) (16) (17) Some studies have suggested that low COMT activity would increase breast cancer risk and endometrial cancer. (17, 18) Our previous studies showed COMT to be involved in colorectal cancer: COMT is overexpressed in colorectal cancer tissue, (19) and inhibits colorectal cancer growth. (20) We found that COMT is a candidate immunogenic membrane antigen for PC, (21) and its expression is higher in PC tissue compared with non-cancerous tissue. (22) However, to our knowledge, the biological function of COMT in PC has not been investigated. We aimed to evaluate the role of COMT in PC.
press or silence COMT. The other two cell lines, Panc-1 and MIAPaCa-2, underwent plasmid transfection to transiently overexpress or silence COMT.
Cell culture. The cell line BxPC-3 was cultured in RPMI-1640 medium (HyClone, Logan, UT, USA) supplemented with 10% FBS (HyClone). The cell lines Panc-1 and MIAPaCa-2 were cultured in DMEM (Life Technologies, Frederick, MD, USA) with 4 mM glutamine. All cell lines were cultured in a humidified incubator with 5% CO 2 at 37°C.
Transient transfection. The cDNA of S-COMT was cloned into the pcDNA3.1(+) vector then together transfected into the cell lines. The resulting cell lines were named COMT-OE cell lines. The pcDNA3.1(+) vector was transfected alone into the cell lines to serve as a control (Control-OE).
A specific COMT siRNA (GCCCUUGACUUGGGC ACCAAACAUU) based on the cDNA sequence of COMT was transfected into the cell lines, named COMT-miR. A negative control siRNA (UUCUCCGAACGUGUCACGUTTACGUG ACACGUUCGGAGAATT) was transfected into the cell lines, named Control-miR. All the transfections were carried out with Lipofectamine 2000 (Life Technologies). After 24 h, the transfected cells were analyzed in following assays, and Western blot analysis was carried out to verify COMT expression.
Stable transduction. Lentiviral transduction was used to generate the COMT overexpression (COMT-OE), normal control (Control-OE), COMT miRNA-interfering (COMT-miR), and normal control (Control-miR) cell lines. In detail, COMT-OE was transduced with lentivirus containing the COMT cDNA sequence; and COMT-miR was transduced with lentivirus containing an oligo antisense DNA that targeted the COMT mRNA. Lentiviral particles were produced by cotransfection of Packaging Mix with Opti-MEM and Lipofectamine 2000 (Life Technologies). The medium was exchanged 6 h after transfection, and lentiviral supernatant was collected 48 h later. The lentiviral supernatants were concentrated using ultracentrifugation at 50 000 g for 2 h, and infection of BxPC-3 cells was carried out in 12-well plates in the presence of 8 mg ⁄ mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA). The transduced cells were selected using blasticidin (0.5-10 lg ⁄ mL).
Cell proliferation assay. Cell proliferation was determined by the cell count kit cell counting kit-8 (CCK-8, Dojindo, Shanghai, China). Briefly, cells were seeded in 96-well plates, and after 4 h of incubation with culture medium containing the CCK-8 reagent, the absorbance was read at 450 nm using a Spectrum MAX 190 (Molecular Devices, U.S.A.)
Flow cytometry assay of cell cycle. Cells were harvested using trypsinization and collected by centrifugation, washed once with PBS and fixed in 1 mL of 75% ethanol at 4°C. The cells were then washed once with PBS and incubated with 1 mL PBS solution containing 30 g ⁄ mL PI and 0.25 mg ⁄ mL RNase A for 30 min at room temperature. The DNA content of the cells was analyzed using the fluorescence-activated cell sorter Cytomics FC 500 (Beckman Coulter, Miami, FL, USA), and the data were analyzed using Multicycle AV for Windows (Beckman Coulter).
Cell apoptosis assay. Cell apoptosis was measured using annexin V ⁄ PI double staining. Briefly, the cells were seeded in six-well plates, and after 48 h of incubation, the cells were harvested and centrifuged at 400 g for 5 min, the cell apoptosis assay was repeated three times. The cells were then stained with an annexin V-FITC Kit (Beckman Coulter), and the cell number was assayed using a flow cytometer. The wavelengths were set at 515 nm for FITC fluorescence and at 560 nm for PI fluorescence. We used gemcitabine to induce apoptosis, with a concentration of 1.86 nmol ⁄ L.
Invasion assays. Invasion was measured using Transwell assays. Briefly, cells were seeded in six-well plates and cultured in BD BioCoat Matrigel Invasion Chambers (Becton Dickinson, Bedford, MA, USA) at 37°C in 5% CO 2 for 48 h according to the manufacturer's instructions. Three parallel cultures were measured to determine the cell invasion ratios of five randomly selected microscopic fields at 9200.
Antibodies. Antibodies against phospho-PTEN (cat. #9559S), phospho-PI3K (cat. #4228S), AKT (cat. #4685S), phospho-AKT (cat. #4060S), phospho-GSK3 (cat. #9331S), Bax (cat. #2772S), COMT high: COMT staining score is higher high than or equal to 4; COMT low: COMT staining is lower than 4; COMT high-censored: patients with high COMT staining who was alive or loss of follow-ups. COMT low-censored: patients with low COMT staining who was alive or loss of follow-ups.
, and Bim (cat. #2819S) were from Cell Signaling Technologies (Danvers, MA, USA). Antibodies against COMT (sc-25844) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against p53 (ZM-0408) and HRPconjugated antibodies were from ZhongShan Golden-Bridge Biotechnology (Beijing, China).
Western blot analysis. Cells were harvested using trypsinization and pelleted by centrifugation. Cell pellets were lysed in lysis buffer, which was supplemented with protease inhibitors, and the proteins were separated using SDS-PAGE and transferred electrically to a PVDF membrane (Millipore, Billerica, MA, USA). The membrane was probed with the primary antibody and an HRP-conjugated secondary antibody. The blots were visualized using Immobilon Western (Millipore), and the intensity of the blots was analyzed using a Gel-Pro Analyzer version 4.0 (Media Cybernetics, Bethesda, MD, USA). The details for antibodies were listed above.
Xenograft studies. This study was approved and monitored by the Institutional Review Board, PUMCH. BALB ⁄ c nu ⁄ nu female mice were raised in a specific pathogen-free (SPF) room in the Animal Model Center, Chinese Academy of Medical Science (Beijing, China). Human PC cells were injected s.c. into the right axillary area of the abdomens of 4-week-old mice. The mice were killed 30 days after cell injection, and the tumor size and weight were measured. Hematoxylin-eosin and Ki-67 staining of tumor specimens were carried out according to standard protocol.
Clinical samples. This study was approved and monitored by the Institutional Review Board, PUMCH. Eighty-five formalin-fixed, paraffin-embedded surgical specimens of pancreatic adenocarcinoma of the T1-T3 ⁄ N0-N1 ⁄ M0 stages from the Department of General Surgery, PUMCH were included for Immunohistochemistry (IHC) assays. Informed consent was obtained from all patients.
Immunohistochemical assay. IHC was stained for all surgical specimens according to the following standard protocol. Two pathologists who specialized in PC independently rated the staining intensity and percentage of stained cells. The final COMT score was equal to the staining intensity multiplied by the cell percentage. A high COMT level was defined if the COMT score was ≥4, otherwise it was defined as low COMT.
Statistical analysis. Statistical analyses were carried out using the SPSS 13.0 software (SPSS, Chicago, IL, USA). Continuous data were presented as the mean AE SD, and significant differences were determined using Student's t-test for independent samples. A v 2 -test was used to assess the correlation between COMT expression and the clinicopathological parameters of the patients. Univariate analyses were used to compare the clinicopathological parameters with the overall survival of the patients using the Kaplan-Meier method, and the significance was detected using a log-rank test (P < 0.05). For those parameters showing a significant relationship with patients' overall survival, multivariate analyses were used with Cox proportional hazards modelling (P < 0.05). Statistical significance was considered if the P-value was <0.05.
Results
Expression of COMT correlated with patient survival. The IHC revealed that COMT expression was significantly higher in PC tissue compared with adjacent normal pancreatic ductal tissue. Representative illustrations of COMT-high, COMT-low, and normal pancreatic ductal tissue are available as Figure 1(a-c) , respectively. The mean survival time of patients in the COMT-high group was significantly longer than that in the COMT-low group (log-rank test, P < 0.05), and COMT expression was significantly correlated with the overall survival of patients using univariate and multivariate analyses ( Table 1 ). The COMT expression was not correlated with the clinicopathological parameters in this cohort of patients (see Table S1 , which illustrates the relationship between COMT expression and clinicopathological parameters in PC). This result indicated that COMT may protect patients and predicted a good prognosis.
Overexpression of COMT inhibited cell growth, reduced S-phase cell ratio, increased apoptosis, and inhibited invasion in vitro. We carried out transient transfections of two PC cell lines (Panc-1 and MIAPaCa-2) and stable transduction of one PC cell line (BxPC-3) with S-COMT cDNA. All three cell lines showed similar relationships between COMT overexpression and cell growth, S-phase ratio, apoptosis rate, and invasion. For illustration purpose, the following paragraph focuses on the stably transduced cell line BxPC-3. The growth and S-phase results of the two transiently transfected cell lines are illustrated in Figures S1 and S2 .
After stable transduction, the BxPC-3 cell line showed a 10-fold overexpression of S-COMT and a 1.5-fold overexpression of MB-COMT (Fig. 2a-c) , and the proliferative capacity was significantly reduced (Fig. 2d) . Overexpression of COMT also significantly reduced the proportion of cells in S phase (Fig. 2e,f) . We then speculated whether S-COMT overexpression was associated with alteration in apoptosis. We used flow cytometry to detect apoptosis after 72 h of gemcitabine treatment using annexin V ⁄ PI double staining. Overexpression of COMT significantly increased cell apoptosis (Fig. 2g,h) .
Next, we used a Transwell assay to investigate the role of COMT in tumor cell invasion. Significantly decreased invasion ability was observed when COMT was overexpressed (Fig. 2i,j) .
To illustrate the underlying molecular mechanism for these observations, we used Western blot to measure the expression levels of related molecules (Fig. 2k) . COMT overexpression was related to downregulation of p-Akt and upregulation of p-GSK3-b. However, no significant difference was observed in the levels of p-PI3K or p-GSK3-a. Mutant p53 was downregulated. Cyclin D1 was downregulated, whereas PTEN was upregulated; p21 was not significantly altered. Proapoptotic molecules (Bim and Bax) were upregulated, whereas the anti-apoptotic indicator p-Bad was downregulated in response to COMT overexpression. The invasion suppressor molecule E-cadherin was upregulated when COMT was overexpressed, which rendered the reduced invasion capacity of the COMT-OE cells.
Similarly, both transiently transfected cell lines showed reduced proliferative capacity and S-phase cell proportions (Figs S1,S2), increased gemcitabine-induced apoptosis, and limited ability for invasion (data not shown). The detailed Western blot of two transiently transfected cell lines are shown in Figure 3 .
Silencing of COMT promoted cell growth, increased S-phase cell ratio, inhibited apoptosis, and promoted invasion in vitro. To further confirm that COMT suppressed growth and invasion and induced apoptosis, we silenced COMT expression by transiently transfecting two PC cell lines (Panc-1 and MIAPaCa-2) and stably transducing one PC cell line (BxPC-3) with siRNA targeting COMT.
In the stably transduced BxPC-3 cell line, the S-COMT level was only one-third of the original level, while MB-COMT was only one quarter of the original level (Fig. 4a-c) and silencing of COMT significantly increased the proliferative capacity (Fig. 4d) . As expected, silencing of COMT significantly increased the proportions of cells in S phase, and significantly reduced gemcitabine-induced apoptosis (Fig. 4e-h ). The Transwell assay revealed that COMT silencing was associated with increased invasion capacity (Fig. 4i,j) . These changes also occurred in the two transiently transfected PC cell lines (data not shown).
We also used Western blot to measure the expression levels of related molecules (Fig. 4k) . Downregulation of COMT was related to upregulation of p-Akt and downregulation of p-GSK3-b. However, no significant change was observed in p-PI3K, p-GSK3-a or mutant p53. Downregulation was observed for p21 and PTEN, and upregulation was observed for cyclin D1. Two pro-apoptotic molecules (Bim and Bax) were downregulated, whereas the anti-apoptotic indicator p-Bad was upregulated in response to COMT downregulation. The invasion suppressor molecule E-cadherin was downregulated in response to COMT downregulation, which resulted in the increased capacity of COMT-miR cells for invasion. The detailed Western blot results for the two transiently transfected PC cell lines are shown in Figure 3 .
Pancreatic cancer cell tumor growth suppressed by COMT in vivo in nude mice. To further investigate whether COMT suppresses pancreatic tumor growth in vivo, we s.c. injected four groups of stably transduced BxPC-3 pancreatic cell lines into the subaxillary regions of BALB ⁄ c nude mice (Fig. 5a ). All tumor specimens were stained with Ki-67 to illustrate the "active proliferation zone," which was present in the center of, or next to, the necrotic lumen in all mice specimens. Figure 5(b) shows three typical patterns of active proliferation zone with different necrotic lumen diameters. Thus, to evaluate the proliferation speed of each group, we used tumor volume and weight. Significantly reduced tumor volume and weight were observed when the COMT protein was overexpressed in COMT-OE cells compared with Control-OE cells. Conversely, significantly increased tumor volume and non-significantly increased weight were observed when the COMT protein was silenced in COMT-miR cells compared with Control-miR cells (Fig. 5) . These results indicated that COMT protein could suppress pancreatic tumor growth in vivo.
Discussion
As an enzyme involved estrogen catabolism, COMT has long been a focus of research due to its biological functions in many types of estrogen-dependent cancers, such as breast cancer, endometrial carcinoma, and colorectal cancer. However, the prognostic value and biological function of COMT in PC has rarely been addressed. The COMT expression predicted a longer overall survival time, based on the survival analysis of the 85 patients whose samples were submitted to the IHC assay, suggesting that COMT could serve as a potential prognostic marker for patient survival. Therefore, more work was needed to explain this phenomenon.
We proposed that COMT suppresses PC progression. We carried out experiments to overexpress or silence the COMT level in two human PC cell lines (Panc-1 and MIAPaCa-2) by transient transfection and in one PC cell line (BxPC-3) by stable transduction. Cell growth, apoptosis, and invasion were influenced by COMT in in vitro experiments, and growth capacity was influenced in in vivo xenograft experiments. These results indicated that COMT could induce G 1 cell cycle arrest, reduce cell proliferation and invasion capacity, and increase gemcitabine-induced apoptosis. Thus, COMT would slow the progression of PC and prolong survival time.
The initiation and progression of PC involves abnormal activation or inhibition of multiple intracellular signaling pathways. Single-target therapy has minimal effects on reversing the progression of this disease. Thus, the combination of multiple-target therapeutic agents with traditional chemotherapeutic agents, such as gemcitabine and 5-fluorouracil, will be a promising direction for prolonging the lives of patients.
The PI3K ⁄ Akt ⁄ mTOR pathway is well known for its important role in the regulation of cell growth and apoptosis, and its abnormal activation is present in the majority of PC. (23, 24) However, mTOR inhibitor alone or together with epidermal growth factor receptor inhibitor failed in phase II clinical trials, possibly due to the loss of feedback inhibition of upstream molecules such as PI3K and Akt. (25) (26) (27) To improve the efficacy of mTOR inhibition agents, it is necessary to suppress the activation of upstream molecules such as PI3K or Akt. Our results showed that COMT suppressed the activation of Akt and activated PTEN, an upstream suppressor of the PI3K ⁄ Akt ⁄ mTOR pathway. Although the mecha- nism of this regulation is unknown, we observed similar regulation between COMT and the PI3K ⁄ mTOR pathway in colorectal cancer cells. (20) In addition to the PI3K ⁄ Akt ⁄ mTOR pathway, COMT regulates other molecules such as p53, cyclin D1, and p21. The p53 gene is frequently mutated in PC, and mutant p53 promotes growth and metastasis. (28) Cyclin D1 is required for the G 1 ⁄ S transition. Therefore, COMT could downregulate mutant p53 and cyclin D1 expression.
We also measured pro-apoptotic molecules (Bim and Bax), which were upregulated. The anti-apoptotic indicator p-Bad was downregulated in response to COMT overexpression. E-cadherin is a member of a transmembrane receptor family that is involved in tumor metastasis. (29) We found that overexpression of COMT significantly impaired tumor invasion by increasing E-cadherin expression.
Catechol-O-methyltransferase is a well-known enzyme for estrogen catabolism. We admit that the present study only focused on the regulation of COMT with mTOR signaling; the antitumor effect of COMT could possibly be due to the alteration of metabolic products of estrogen.
In conclusion, COMT could serve as a candidate for targeted therapy. The interaction between COMT and upstream members of the PI3K ⁄ Akt ⁄ mTOR pathway should raise consideration for combining COMT with mTOR inhibitors as a new regimen to treat PC. 
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